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SUMi-tARY 



As part of a coripr ehens ive investigation of a thermal, 
ice-prevention system for 'a C-46 cargo airplane, flight 
tests in dry--air and natural-icing conditions have iDeen con- 
ducted "by the Ames Aeronautical LalDoratory at Moffett Field, 
Calif,, and at th*e Air Technical Service Command Ice Research 
Base, Minneapolis, Minn. The research was undertaken to de- 
termine the effectiveness of the C~46 airplane ice-prevent i.on 
system and to continue the development of thermal ice- 
prevent ion equiiDrnent , 

Sytensive thermal data v;orc recorded dxiring all flight 
tests and numerous photographs vicve taken during, and su'bsc- 
Guent to, flight in natural-icing conditions. The results of 
these f light-^tes-ts indicated that the ice protection afforded 
the airplane hy the thermal ice-pr event ion system prevented 
the loss of aerodynamic efficiency of the wings and the 
crnDannafce and maintained visi^bility through the windshields 
during-: flight in all natural-icing conditions encountered. 
The skin temperature rise over the v/ing and empennage heated 
loading edges exceeded the temperature rise calculated in 
the design analysis, which indicates that the method of 
analysis utilized either inaccurate or incomplete. It 
can DO concluded from the results of the flight tests that 
a thermal ice-pr event i on systcra affording protection for 
the wings, the" empennage , and the windshields of the C-46 ■ 
airplane can te constructed that will enatle the planning 
of safe flight operations into known icing conditions with- 
ou.t the loss of aerodynaraic or functional efficiency. 

RESTRICTED 
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INTHODUCTIOH 



This report is the fourth of a series which describes 
a conpr ehcns ivo invos t igat i on of a thermal ice-prevention 
system for a C-46 cargo airplane. The first three reports 
of the series (references 1, 2,, and 3) descr ihe, respect ively , 
the design analysis of the thermal ice-prevention system, 
the design and construction of the heat exchangers employed, 
and the construction and instrumentation of the complete 
system. This report presents the results of extensive flight 
tests of the C-46 airplane equipped with the thermal ice- 
prevention system in ."both dry-air and natural-icing condi- 
tions,. 

> 

The research described in this series of reports con- 
stitutes a part of a general research program designed to 
investigate the practicability of utilising the waste heat 
of airplane— engine exhaust gases to hr.at those surfaces of 
an airplane that req^uire protection from the formation of- 
icc in order to provide safe and efficient operation of the 
airplane in natural-ic in.^ conditions. The development of 
effective equipment under this program has been demonstrated 
by the flight testing, in natural-icing conditions, of thermal 
ice-prevention systems in a Lockheed 12A airplane (reference 
4), in a Consolidated 2-^24 airplane (reference 5), and in a 
Boeing S-17 airplane (reference 6). Adequate protection was 
realized by these systems and their use permitted the safe 
operation of the respective airplanes in many icing condi- 
tions . 

The thermal ice-prevention system for the C-46 airplane 
was designr>d to permit extensive and safe flights in natural- 
icinf: conditions without the loss of operational efficiency 
associated with the formation of ice upon an airplane's 
wings, emponnage, and windshield. This system represents a 
rofinomont of earlier equipment and has been designed to 
facilitate modifications to th^. production version of the 
airplane. The purpose of the investigation reported herein 
was to determine the effectiveness of the thermal ice-preven- 
tion system in preventing the formation of ice upon the pro- 
tected surfaces of the airplane during flight in natural- 
icing conditions. The investigation includes flight tests 
in dry air to establish the thermal characteristics of the 
system and to determine the variation of those characteristics 
with change in altitude and engine power conditions, as well 
as flights in natural-icing conditions to obtain observational, 
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photographic, and thcrnal data, in as many different types 
of icine; conditions as possible. Data obtained from such 
flights provide criteria for future designs, test the 
validity of the design oethod utilised, H,nd provide exper- 
imental evidence of the protection afforded in natural-^ 
icing conditions by the thermal ice— prevent ion system of 
the C-r-4'6 airplane. 

This research was conducted at the request of the Air 
Technical Service Corainand of the U. S, Army Air Forces. 
The flight tests v/ere aade at Ames Laboratory, Moffott 
Field, Calif., and at the Air Technical Service Command 
Ice Re sear ch Base , Minneapolis, Minn., with the cooperation 
of the U. S, Weather Bureau and t he Cur t is s-VJr ight Corpora- 
tion. 



DESCHIPTIOK OF SQ,UIPI4SIJT 



The thermal ice— pre vent i on equipment installed in the 
0^46 airplane (Array nunber 41-^12293) shown in figure 1 is 
coraplet oly described in references 1, 2, and 3 . Detailed 
inf or raation on the design analysis of the thermal ice- 
prevention GQUipnont , the general ar rangemp nt of which is 
shown in figure 2, is presented in reference 1, Reference 
2 coupletely describes the design and cons tr\ict ion details 
of the oxhaust-^gas-t c--.air heat exchangers employed in the 
system. Details of the construction of the thermal icc^ 
prevention syptem and of the instrumentation provided to 
evaluate the per f or laance of the system are contained in 
reference 5. Typical thern:ccouplc and pr es sur e-or if ice in- 
stallations are: shown in figure 3, and an index to the in- 
struraentat ion is presented in figure 4. 

The following additions and changes were made to the 
thermal ice-prevention system described in reference 3 prior 
to, or during, the flight tests reported herein: 

1, The secondary air inlet at the nose of the airplane 
was closed and holes were made in the sides of the secondary 
heat-exchanger air-inlet duct to enable cabin air to enter 
the secondary exchanger. 

2, All secondary heat-^exchanger air outlets were closed 
with the exception of the outlet directing air to the pilot »s 
and copilot *s \\'indshie Ids . 
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3. The t otal— pres sur e heads installed in the air--inlet 
scoops v/ere reiiioved after flight 5 since they would collect 
ice when the airplane was subjected to operation in natural- 
icing conditions. 

4. The valves c on tr oiling the distr ibut ion of heated 
air in the fuselage ducts were set and wired in place. 

5. The copilot *s and observer 's' airspeed indicators 
were connected to fuselage static ven-ts. This installation 
was nade after flight 28. 

6. A glass-stem thermometer for the measurement of 
ambient-air temperature was installed outside the left win- 
dow panel at station 286 after flight 30. 

7. The service-type antennas were replaced after flight 
30 by l/l6— inch rubber— covered steel— cable antennas. 

TESTS 



During; all flight tests, the airplane v/as flown at a 
gross weight of 40,000 pounds under operating conditions 
specified by the C-46 aircraft manual of Northwest Airlines, 
Inc. These operating conditions are listed in table I. 

Preliminary flight tests under dry--air conditions wore 
conducted at Amos Laboratory to assure that the equipment 
would operate safely and satisfactorily. During those pre- 
liminary flights, total-pressure measurements were made in 
the heat-.oxchanger air--inlct scoops. 

Tests of the equipment, during which most of the flight 
data wore taken, were conducted at the Air Technical Service 
Command Ice Research Base , Minneapolis, Minn. Complete dry- 
?>ir thermal data wore taken at altitudes to 18.000 feet at 
the climb, the descent, and the 1900-rpm cruise power condi- 
tions. Lin:ited dry-air thermal data were also taken at the 
ma-irnum-range cruise and the 2050-rpm cruise power conditions 
at "several altitudes to establish the effect of engine power 
or the performance of the thermal ice^prevent ion system. 
Squilibrium conditions were established for the various tests 
by holding the engine power conditions constant for a suffi- 
cient time previous to recording data* 
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Flights were in?.de in natural— i c ing conditions whenever 
such conditions v/oro available during the period from Jan— 
\xary 10 to April 1, 1944, in the 500— mile— radius area sur- 
rounding Minneapolis, Hinn* Flight data in natural— ic ing 
conditions were taken at the 1900--rpia cruise condition and, 
to a limited extent, at the naximun— range cruise condition. 
The' thermal ice— pr event i on system v/as operated at full 
capacity and reduced— heat od-air— flow rates. Flight tests 
in natural-icing conditions v/ere conducted in the regions 
and at the altitudes of maximum icing. Data v;erc taken 
when conditions were of sufficient extent and intensity to 
obtain a complete set of readings and observations. During 
these flights, periodic inspections of the ice accretions on 
surfaces of the airplane were made, and the entire airplane 
was inspected for ice for-nations after each flight. Some 
photographic data were taken during flight and after landing. 

The extent to which frost was removed from the heated 
surfaces when the airpla,ne was at rest on the grouncT v/as 
observed. The extent to which ice was removed during the 
take-off operation was also observed. For these tests, 
artificial-icing conditions which simulated a freezing rain 
were provided by the use of a water spray. The artificial 
ice was applied in 2-foot strips l/l6 inch thick to stations 
159 of the outboard wing panels. The tests were conducted 
on an overcast day to reduce the solar-radiation effects. 

Surface-thermocouple data v.^ere taken at the 1960-rprn 
cruise condition at various altitudes in natural-icing con- 
ditions and in dry air. The indications of the surface 
theriAO-couples installed at station 159 of the left wing 
outer panel and those of the corresponding washer thermo- 
couples were observed on a Erov/n potentiometer. 

The heated windshields were operated with only external 
primary heated-air flow directed to the pilot's and copilot's 
windshields during most of the flights. Limited data were 
taken with the use of both the external primary heated air 
and the internal secondary air directed to the windshields. 

The heat exchangers employed by the thermal ice- 

-orevention system were removed, sandblasted, and inspected 

for deterioration after a total of 100 hours and 173 hours 
of flight testing. 
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RESULTS AilD DISCUSSION 



The performance of the C-46 airplane thermal ice- 
prevontion system is presented in tables II, III, IV, V, 
and VI. Table II presents the dry-air test results for 
the level-flight conditions and table III presents the 
dry-air clijixb and descent test results. The test results 
obtained in natural-icing conditions are presented in 
tables IV and V for full- and reduced-heated-air-flow 
rates, respectively. The thermal results of the secondary 
heat exchanger and the pilot's and copilot »s windshield 
tests are presented in table VI, Tables II, III, IV, and 
V are each arranged in 17 similar parts. The general 
flight data and calculated heat-flow results are in the 
first three parts. The remaining parts present the tem- 
■perature and" heated-air-flow-rate data together with 
sketches of the instrumented sections of the C-4G thermal 
ice-prevention system. The ambient-air temperatiire is 
provided for each test throughout the parts of each table 
in order that temperature-rise data may be readily evaluated. 
The ambient-air temperatures given are -not corrected for 
the effects of kinetic heating. 

The severity of icing (light, moderate, and heavjO 
noted in i^art 1 of tables^IV and V was arbitrarily chosen 
to provide a means for comparing flights. The light-icing 
conditions would probably permit fligl^it without any means 
of ice protection. The heavy-icing conditions would 
■orobably cause an unT)rotectcd airplane to descend in a short 
time. The intermediate natural-icing conditions are those 
designated as moderate. 

Hoasur nrficnt s of the total pressures in the air-inlet 
<.coops of the left nacelle hoat-^exchanger installations were 
made" ir flight. The airplane was flown at an indicated air- 
speed 0^ 155 miloG -oer hour at 6000 feet pressure altitude 
with the engines operating at 2000 rpm. The pressure distri- 
bxition in the inlot scoops was uniform, The average total 
pressures were 2.2 and 1.5 inches of water above free-stream 
total pressure for the outboard and inboard heat-exchanger 
inlet scoops, respectively. 

Table VII presents typical comparisons of the surface- 
thermocouple and washer-t'hormocouple data taken for the leit 
win^: outer-'oancl station 159. ITo data are presented for the 
region aft of 7-percent chord where the surface thermocouples 
and i^rashcr thermocouples indicated the same temperature, 
within the accuracy of measurement. 
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The thermal ice-prevention system was operated 173 
hours in flight, 30 hours of which v/erc in natural— ic ing 
conditions. The system offered satisfactory ice protection 
to the wings, the empennage, a,nd the windshields in all the 
natural— icing conditions encountered. The ice accumulations 
on the heated surfaces x^ere slight and did not noticeably 
affect the operational performance of the airplane. The- 
skin— temperature rises of the heated surfaces realized in 
natural-icing conditions were lower than those obtained in 
comparable dry— air flight conditions. A comparison of the 
moderate— and heavy-icing conditions of table IV with com- 
parable dry-air data of table II indicates that the wing 
outer— panel temperature at the 0-por cent-r-chor d points real- 
ized in these icing conditions average approximately 65 
percent of those obtained in dry air for comparable flight 
conditions. The experimental skin— temperature rises during 
tests at approximately the design condition^ (flight 61, 
run 5) greatly exceed those specified in the design analysis 
(reference 1 ) . 



Wing Outer Panel 

The thermal ice— pr event ion system essentially prevented 
the formation of ice on the wing outer panels when operated 
with f ull-heated--air^f low rates (table IV, pts. 5 to 10), 
The f ull-heated-air^f low rates, in natural-icing conditions, 
provided average heat flows through the left-wing leading 
edge (table IV, pt , 3) of approximately 1100 to approximately 
1800 Btu per hour per sctuare foot of doublo-^skin leading- 
edge surface, and the average 0-^per cent-chord temperatures 
above ambient (table IV, pt . 3) ranged from 66^ to 113^ F. 
The lov/ost 0-por cent-chord temperature recorded was 82^ P 
at station 380. Slight runback, defined as the freezing of 
water which runs back from the leading edges, was noted on 
flight 34 in the 30- to 35-per cent-chor d region of the right- 
wing outer panel. These accretions wore intermittently re- 
moved with constant wing outer-panel heating. 

During flight 49, a severe inc lomcnt-v/eat her condition 
was encountered over the Sierra ITevada Mountains between 
Sacremonto. Calif., and Salt Lake City, Utah. This condi- 
tion can best bo described as a very heavy snow combined 
with a heavy naturals-icing condition. Snow and ice formed 
in the stagnation-pressure region along the entire wing span 
and remainod for approximately 10 minutes. The thermal ^ data 
of flight 49, run 1* were -taken during this period and indicate 
that the left-wing outer-panel 0-per cent-chor d skin temperature 
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was appr oxiiTiately 100^ F. Evidently, the rate at v/hic^h the 
snow and ice formed and the lov; ami) ient— air temperature 
(6^ P) were factors that permitted the snov/ and ice to 
accumulate . 

The reduced— hoat tests (table V, pts, 5 to 10) define 
the effects of decreasing the heat flov/ to the v/ing outer 
panel. The average heat flov/s through the left— wing lead- 
ing edge (tahle V, pt . 3) during these tests ranged from 
240 to 830 3tu per hour per square foot of double— skin 
leading-edge surface, and the average 0-por cent— chor d tem- 
peratures above ambient (table 7, pt . 3) ranged from about 
40° to' about 95^ P. The lowest O-pcrcent-^chor d temperature 
recorded was 50° P at station 380. 

Run 3 of flight 29 was taken after the left-wing outer- 
panel loading edge had been allowed to collect a band of _ 
ice throughout the span, similar to that shown in figure *5, 
and the heated— air-flow rate was slowly increased until the 
ice was removed with runback taking place. After the tost, 
the heated-air— flow rate was increased to full and the run- 
back was removed. The average heat flow through the wing 
leading edge during this tost was 250 Btu per hour .per square 
foot of double-skin leading-edge surface, and the resulting 
average O-per cent-chor d temperature above ambient was 40° F. 
The lov/est' 0— per cent-chord temperature recorded wa?? 58° P at 
station 380. "During flight 41, run 3 was taken after the 
hoatod-air-f low rate to' the loft-wing outer panel was de- 
creased until the protection was considered marginal. The 
average heat flow through the wing leading edge was 440 Btu 
per hour per square foot of double-slcin leading-edge surface, 
and the resulting 0-per cent-chord leading-edge temperature 
above ambient was 48° P. The lowest 0-per cent-chord temper- 
ature recorded was 50° P at station 380, Small accretions 
of ice had collected on the left-wing cuter panel 2 or 3 
inches forward of the front spar from midspan outboard. 
The thermal ice-.pre vent ion system during the other reduced- 
heated-air-flow-rate tests presented in table IV, parts 5 
to 10 ap-oarently supplied the same protection to the- wing 
outer panels as did the full-heatod-air-f low-rate tests 
taken in the same natural-icing conditions. 

Surface-thermocouple and washer-thermocouple data taken 
for station 159 of the" left-wing outer panel differed con- 
siderably (table VII). The temperatures indicated by washer- 
thermocouiDlc installations SIS, S20, and 323 were approxi- 
mately 230, 30*^, and 21° P higher, respectively, than the 
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corresponding surf ace— thermocouple installations SCI, SC2, 
and SC3. The construction of the thermal ice-prevention 
system at station 159 is shov/n in figure 6. The heated air 
is directed by the nose-rib liner along the inner surface 
of the skin v^hore the washer thermocouples v;ere installed. 
Thus the washer thermocouples in the region .forward of the 
baffle plate were subject to considerable fin heat-transfer 
effect from the heated air and are evidently in error by 
the temperature differences indicated. These given values 
of temperature error apply strictly to the undersurface of 
the skin at station 159 of the left-^wing outer panel. In 
general, however, a similar washer-thermocouple error would 
exist in the temperature measurements for both the upper 
and lov/er surfaces throughout the wing outer panel to sta- 
tion 292 where the noso^rib liner ends. The remaining 
leading edges of the thermal ice^pr event ion system contain 
no nose-rib liners; nevertheless the v/asher thermocouples 
throughout the heated surfaces forv/ard of the baffle plates 
arc also pr.obably in considerable error. The given values 
of temperature differences apply only for the full-heatod- 
air^flow rates. The reduced-heat ed-air-f low-rate data, 
however, would probably not be subject to as great a temper- 
ature difference between the corresponding washer- and 
surface-thermocouple i adi cat ions . 

The t eruperatures of the primary structure of the 
left-^w.ing outer panel were measured on the front spar, the 
stringers, and the nose ribs at stations 24 and 159 (pts, 
6 and'^e, tables II. Ill, IV, and V.) The indicated tein- 
peraturcs of the front spar and the stringers were never 
over 111^ P. The highest nose-rib temperature measured 
wa^ 294<^ I which is considered high but not excessive at 
this region of the wing structure. 

A comparison of the experimental tost results and the 
analytical calculations of reference 1 introduces the oppor- 
tunity for considering the heat-transfer relationships dis- 
cussed in the analysis (reference l) and the indications of 
actual hcat-'transf or phenomena resulting during the tcstSi,. 
A graphical comparison of experimental and analytical air 
and skin temperaturos above ambient-air tcraporature is 
presented, for the four wing outer-panel stations analyzed, 
in figures 7,8,9, and 10. The test results are taken 
from data recorded during flight 61, run 5 (table II), which 
approximated the analytical design conditions. During this 
run the total hoated-air-f low rate was 4015 pounds per hour 
to the left-wing outer panel,. as compared with an analytic 
flow rate of 4130 pounds per hour, and the temperatures of 
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the air entering the corrugations agreed closely with the 
assumed air temperatures. The a ir— t emperat ur e rise through 
the exchanger v/as 369^ F (69*^ T above the temperature rise 
of the analysis), resulting in a thermal output of 362,000 
3tu per hour. This is 20 percent higher than the antici- 
pated value of 301,000 Btu per hour. Nevertheless, the air- 
terapora tur change from the exchanger outlet to the corru- 
gation inlets v;as sufficient to give approximately the cor— 
ruga^tion air— inlet temperatures of the analysis at all hut 
one station (380). Furthermore, the temperature of the air 
entering the corrugation at station 380 v;as higher than at 
any other station. These two facts, together with an in- 
spection of the leading-edge construction (fig. 6), indi- 
cate that some of the heat was transferred from the air in 
passing "between the nose-rib liner and the corrugations to 
the corrugation inner surfaces, and ultimately to the outer 
skin, causing a decrease in heated— air temperature from the 
leading— edge duct to the corrugation inlets. Since the 
nose-rib liner ends at station 2.92, this effect would not 
prevail at station 580. and the temperature of the air at 
the corrugation entrance xcould be substantially the same 
as in the leading-edge duct at this point. 

The indicated air-temperature drops through the cor- 
rugations at stations 84, 159, and 290 recorded during 
the test flight were in fairly close agreement with the 
calculated values from the analysis, but the air-temperature 
change through the corrugations at station 380 was consid- 
erably greater than calculated. These results substantiate 
the previous conclusions that a considerable amount of heat 
was transferred from the air prior to entering the corru- 
gations in the region of the nose-rib liner. Thus, at all 
points the total heat transferred from the heated air to 
the skin was higher than calculated. It should be realized, 
then, that the average heat flow through the heated surface, 
shown in table II and calculated from the air-temperature 
change through the corrugations, is not the total heat flow 
through the surface. Further evidence of these facts is 
exemrilified in the results of the skin-temperature indica- 
tions from the tests. As previously stated, the indicated 
skin temperatures forward of the baffle plate are believed 
to read 20^ to 30° F high on the basis of a comparison of 
the temt»eratures indicated by the standard washer-ther ccouple 
installation and the assumed correct surface thermocouples 
at station 159. Therefore the indicated 'skin-temper^.ture 
rises shown in figures 7, 8, 9, and 10 were corrected by 
api^r oxiniately 25^ F " in the region forward of the baffle 
plate. The average corrected skinr-t empera tur e rises obtained 
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from the flight-test data were approximately 60^ P higher 
than calculated, indicating that a greater amount of heat 
had been transferred from the heated air to the skin than 
had "been calculated in the analy.sis. Conduction and radi- 
ation effects from the corrugation walls to the heated 
surfaces were conservatively neglected in the analysis » 
and this fact pro'bably accounts in part for the lov/er cal-^ 
culated skin temperatures^ Laboratory experiments have 
shown the conduction effeqt to "be a substantial part of 
the resultant heat transfer within a corrugation (refer- 
ence 7),. 

The rapid decrease in skin-rtemperatur e rise shown in 
figures 7, 8, 9, and 10 in the region immediately aft' of 
the baffle plate is probably a result of two effects. The 
first and most important effect is the location of the 
transition region. In the analysis, the point of transit 
tion from laminar to turbulent flov; was calculated to be 
well aft of the heated region. This was for an aerodynam^ 
ically smooth wing^ It is indicated 'from the decrease in 
skin-^t emperatur e rise in the region from about &-to 10- 
percent chord that transition actually occurred in this 
area. Such a condition could conceivably prevail in view 
of the relatively rough surface and waviness.of the wing. 

The second effect is the location of the baffle plate*. 
Aft of this point, the skin received no heat from the air 
in the D-duct bofon^ entering the corrugations. For this 
reason, the surface temperature would tend to dr-crease 
aft of about 5 percent chord. 

The effect of the propeller slipstream on the transi- 
tion point is believed to be represented by the skin tem-- 
peratures given in table II, part 5 for wing outers-panel 
station 24 which is located just aft of the left propeller. 
The recorded temperatures presented in table II, part 6, 
show a sharp decrease in skin t emperatur e' af t of the stag-- 
nation region, from about 160^ F (corrected) at the lead- 
ing edge to 120^ F (corrected) at 3-percent chord, indi- 
cating that transition probably occurred just aft of the 
stagnation point. 

Wing Tips 

The protection relized at the wing tips was not suf- 
ficient to prevent ice in the heavy-icing condition and in 
several of the moderate-icing conditions encountered. The 
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most common ice forinations in this region were on the ex- 
treme wing— tip leading edges • During the heavy-icing con- 
dition, flight 50, and during the reduced— heat test's in 
t he 'heavy-ic ing , and in some of the moderate-icing condi- 
tions, the formation of ice v/as continuous along the load- 
ing edge from the v;ing tips to the wing— tip splices. No 
photographic data v/ere taken of these ice accumulations, 
since they co\ild not be adea^uately photographed in flight, 
and since they never remained on the surface after landing. 
The temperature data given in part 11 of tables II, III, 
IV, and V indicate that the wing-tip leading edges vrere 
not adequately heated. The internal structure does not 
provide a sufficiently high heat-^t ransf er coefficient at 
the leading edges of the -wing tips. 



V7ing Center Panel 

The wing center panels v/ore for the most part ade— 
quatelj/- protected* A very small patch of ice v/as noted to 
accumulate on the flange of the heat-exchanger outlet-duct 
fairing v/here the ducting enters the center— panel wing 
leading edge. It was also noted that snow would pack on 
this flange. During some of the more severe icing condi- 
tions, slight accumulations of runback v/ere noted to form" 
on the upper surface of the v/ing center panel. The condi- 
tions of the wing center panels v;ero the same as those of 
the v;ing outer panels during flight 49. Temperature data 
given in part 12 of tables II, III, IV, and V indicate that 
the protection v/as siifficient at all times. The temperature 
in natural-icing conditions at the 0— per cont-chor d leading 
edge, indicated at station 90, never dropped helow 1040 
even during the reduced-heat od-air-f low-rat e tests, It is' 
believed that a better design could be realized, however, 
by revising the heated— air corrugations so that the heated 
air enters the corrugations at the leading edge of the wing 
instead of at the underside end of the corrugations. No 
heat ed--air -flow rates to the instrumented center panel are 
given in the tables. The system was designed to provide 
this flow rate by subtracting the summation of venturi 7 
and venturi 4 flow rates from the summation of venturi 2 
and venturi 3. flow rates. The air leakage in the system, 
however, renders this method unreliable. 

Horizontal Stabilizers 

Vfith the thermal ice-prevention system directing full- 
heated-air-flow rates to the horizontal stabilisers, ice 
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formed on the leading edges of the stabilizer tips. The 
ice acciinmlat i ens on tho sta^bilizer tips were similar to 
those observed on the v;ing tips, and, in general, formed 
in the same manner in the same icing conditions. During 
flight 34 at the time data were taken, slight runhack v/as 
noted on the under s ide . of the right stabilizer panel at 
about 10 percent chord. No observations of the stabilizers 
were made during flight 49, The thermal data for the hori- 
zontal stabiliser (pts. 15, 14, and 15 of tables II, III, 
17, and V) in^dicato that the temperatures realized v;ere 

, sufficient to prevent ice. No temperature measurements 
v/ore made on the extreme s tab i 1 i ?er— t ip leading edges where 
the formation of ice, previously noted, accumulated.. The 
average heat flow through the stabilizer leading edge in 

. natur aX-ic ing conditions ranged from about 1250 to about 
2150 3tu per hour per square foot of double-skin leading- 
edge surface during the full--heated-air-f low-rate tests 
(table IV, pt . 3), and from about 700 to about 1400 Btu 
per hour per sQ_\iare foot of double-skin leading-edge sur- 
face during the reduced--heated--air^f low-rate tests (table V, 
pt . 3). The lowest 0-per cent-chor d temperature recorded 
for the s tab iliger ^' exclus ive of the tip, was 51° P at 
station 69 during the red\iced-rheat cd-air-f low-^rate tests. 



Ver t ical Fin 



The entire surface of the vertical fin including the 
tip was clear of ico during both the fiill- and reduced- 
heated-air-f low-rrate operations of the thermal ice-preven- 
tion system. The temperatures of the skin surfaces pre- 
sented in parts 16 and 17 of tables II, III, IV, and V . 
indicate that the oAiantity of heat supplied was more than 
adequate for complete protection in the test icing condi- 
tions. The average heat flows through the vertical-fin 
leading edge, in natural-icing conditions ranged from 
approximately 2700 to approximately 4600 Stu per hour per 
square foot of double--skin loading-edge surface during 
the f ullr-heated-air-flow-rate tests (table IV, pt • 3), 
a..nd from approximately 1600 to approximately 2900 Btu per 
hour per square foot of double-skin loading-edge surface 
during the reduced-hoated-rair-f low-rate tests (table V, 
pt . 5). The lowest 0-per cent-chor d temperature recorded 
was 81° F at station 205 during the reduced-heated-air- 
flovz— rate tests. 
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V/indshields 

The pilot's and copilot's windshields were protected 
from ice accumulations in all the test natural— ic ing condi— 
tions. The external heating systeia offered thorough wind- 
shield ice prevention in all the natural— icing conditions 
except the heavy-icing condition encountered during flight 
50., During this flight with only the external heating 
system in operation, the pilot's and copilot's windshields 
collected ice at a fast rate and the ice almost completely 
covered the windshields. After the windshields had col- 
lected ice, as shown in figure 11, the internal secondary 
air— heating system \^as placed in operation without insert- 
ing the double-^pane 1 windshields. ?igure 12 shows the 
partial ice removal effected after 15 minutes. It v/as 
noted that when the douole— pane 1 windshields v/ere inserted, 
the rate of ice removal was increased. The values given 
in tahle VI v/ere taken during later flights and provide 
the thermal data for maximum protection which was never 
required to remove or prevent ice in any of the natural'^ 
icing conditions encounter e'd ♦ 

These tests indicate that windshield ice prevention 
may be realized by the passage of heated air over the 
outer surface of the windshields, Before any design 
criteria can be established, however, investigations must 
be made of the relationships of the following: temperature 
and flow rate of the heated air delivered, temperature rise 
above ambient— a.ir temperature of the outer surface of the 
windshield; pressure and temperature distribution of the 
heated air flowing in the windshield boundary layer, and. 
area and shape of the wir^dshiold* An investigation of these 
relationships has been undertaken by Ames laboratory. 



Ice— Removal Tests 

In order to establish the effectiveness of the system 
in removing ice on the heated surfaces prior to take— of f , 
tests were conducted in which artificial ice v/as applied 
to stations 159 of the wing outer panels as shown in fig- 
ure 13. The tests were conducted at a ground ambient-air 
temperature of 6^ F. After the engines had been started 
and normal engine warm-up had taken place for 5 minutes , 
water drops started forming on the left-side ice applica- 
tion. V/hile the airplane v;as taxied out to the runway for 
take-off, water drops were forming on both the strips of 
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ice, "but no substantial change in ovor— all appearance was 
evident, Take-^off was conducted 14 minutes after the engines 
had been started and ice removal immediately "began to ta.ke 
place. The leading fudges of stations 159 were clear of ice, 
as shown in figure 14, hofore the airplane left the ground, 

Natural frost was removed from the wings, the empennage,, 
and the v/indshields cf the airplane on cold mornings (-10^ to 
15^ F) while the airplane was warmed-^up for flight. The 
frost on these heatqd surfaces could he almost completely 
removed after conducting engine v/arm-up for not more than 
1/2 hour. 

During f li^^ht , in many of the natural-icing conditions., 
the loading edge of the Xoft-^wing outer panel was allpv/ed 
to collect ice similar to that shown in figure 5, The out- 
board panel was always cleared of tho ice accumulations in 
less than 1 minute after full-heated-air-flow rate to the 
loft outer wing was employedr 

The f r ost-r emov.al and artificial-ice-removal tests 
indicate that frost or ground ice collections can be re- 
moved sufficiently for flight by the thermal ice-^pr event ion 
system. The flight-test removal of natural ice indicates 
that protection is realized almost immediately in flight 
upon placing the' heating equipment in operation. 

Unprotected Surfaces 

The unprotected surfaces v/hich accumulated ice in 
nearly all the naturalr^icing conditions encountered were 
the engine cowling, the carburetor air inlets, the heat- 
exchanger air scoops, the -stabilizer splices, the sta- 
bilizer and wing-tip splices, the antennas, the antenna 
masts, the airspeed masts, the free-^ir thermometer, and 
the dome on top^of the fuselage. After flight 60, inspec- 
tion of the airplane revealed slight rime-ice accretions 
on the underside of the ailerons near the hinge region and 
on the underside inboard ends of the elevators. These ice 
accretions were evidently caused by air flov; through the 
aileron gap and through* the gap between the inboard ends of 
the elevators and the fuselage fairing. Ice formations on 
some of the unprotected surfaces are shown in figures 15 to 
22. The heaviest ice formations were realized during flight 
50 in heavy^icing conditions, Figures 19, 20, and 21 are 
photographs taken after landing of some of the ice accumula- 
tions resulting from this flight. These ice formations were 
much larger in flight. The temperature of the ambient air 
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bcforo landin/^ in - Hinncapol is ivas 38^ F and the ice vras • 
melting and falling off at the time the picture was taken. 
During flight, the ice on the cowling (fig. 19) had ex- 
tended 2 to 3 feet rearward along the nacelle sides and 
the ice on the nose of the airplane (fig* 20) had extended 
rearv;ard over the windshields. 

The ice formations on the carburetor air inlets and 
the hcat-erchanger air scoops wore never sufficient to 
greatly restrict air flow, If the airplane were operated 
for a sufficient length of time in a heavyr-icing condi- 
tion, however, the ice accumulations on the carburetor 
air inlets could probably cause engine failure, and those 
on the exchanger scoops could probably cause failure of 
the thermal ice-prevention equipment. The pilot's free- 
air theriaOBotor and the standard airspeed installations 
wore frequently rendered useless d\ic to ice formation. 
The ice on the antennas at times caused them to fail and 
rendered the radio equipment useless. 



Heat Exchangers 

The heat exchangers employed, completely described in 
reference 2, were removed from the airplane, sandblasted, 
and inspected after 100 hours and 173 hours of total flight 
testing. The 100-hour inspection indicated some deforma- 
tion of tho. heat-exchanger plates and cracks as pictured 
in figures 23 and 24. The cracks wore welded and the heat 
exchangers v/ero reinstalled in the nacelles of the C-46 
airplane for further flight testing, ' After 73 additional 
hours of testing, marked deformation of the heat-exchanger 
plates v/as evident, as well as more cracking as shown in 
figures 25 and 26. This deformation of the hoa t-.exchanger 
plates probably changed the characteristics of the. heat 
exchangers during the flight-testing period. 

General 

The handling and performance of the C-46 airplane in 
natiiral-icins: conditions were only slightly affected during 
all the flights oxce-ot flight 49. Upon encountering the 
.evore inclement weather conditions of flight 49, during 
which snow and ice formed on the leading edges of the wings, 
•the incUcated airspeed of the airplane dropped from 140 to 
120 miles per hour while operating at the same flight con- 
ditions. Viewed through a stroboscope, the propellers had 
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accumulated ccntinuous ice formations from the tips of the 
propeller anti-icing feed shoes to the ends of the propeller 
hlados on the leading edges and thrust faces of the "blades.- 
The ice on tho propellers and on the unprotected surfaces 
v;as evidently responsible for the decrease in airspeed, 
Durine the other flights in moderate- and heavy-icing condi-^ 
tions, the indicated airspeeds v/erc noted to drop off very 
slightly with time as ice accumulated on the unprotected 
surfaces of the nirplane and on the propellers. 



COITCLUSIONS 



1. The thermal ice— prevent ion system as applied to 
the C~^46 airpl^.uo permitted operation in all natural-icing 
conditions encountered without the loss of functional 
efficiency of the heated surfaces. 

2. A comparison of , the experimental flight data with 
the design analysis indicates that the analytical method 
employed, while providing a conservative basis for the 
design of a thermal ice-prevention system, is not precise 
and req_uires further refinement. 

3. Ice may be prevented from forming on a windshield 
by the passage* of heated air over the oviter surface of the 
windshield; however, additional data arc required to es- 
tablish design criteria for such an installation. 



Ames Aor onaxit ical Laboratory, 

Kat ional Advis cry Committee for Aeronautics, 
Moffett Field, Calif. 
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Figure 3 (a fo c)r 

Types of 
fhermocoupks and 
pressure orifice 
insfaliations used 
fo determine per- 
formance of ice- 
prevention equip- 
ment of the 
C-4-6 airplane. 
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Fig. 3b 
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Figure 3b. - (Cont'd.) 
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PRESSURE ORIFICES 




Figure Sc. - (Cone I'd) 
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Fig. 5 




Figure 5.- Ice allowed to accumulate on left wing 

outer panel and ice on cowl and car- 
buretor air inlet, C-46 airplane. Flight 41. Pho- 
tograph taken in flight. 
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LOWER 

QlSTW^Ce.fiROUNp. SURFACB MBASOREb CHOROWISB FROM O-PCPCENT-CHORD POINT, JNCHES 



P16¥RB T - COMPARISON 0^ AMALYT'lCAL AND EXPERIMENTAL TEST 
RESUIiTS OF AIR-AND SKlMrTEMPCRATURE RISES 

above ambient- air temperature for wing station 
84;- €-46 Airplane. 
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FIGURE 6 . - COMPARISON OF ANJALVTICAL AND EXPERIMELNTAL TEST 
RESULTS OF AIR-AMD 5K1N -TEMPERATURE! R»SES ABOVE 
AMBIENT-AIR T-EMPERATURE FOR WING STATION i59s 
C-46 AIRPLANE. » ' 
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FIGURE S .-- COMPARISON OF AMALYTICAL AND EXPERIMENTAL TEST 

RESULTS OF AIR-AMO SKIM-TEMPERATURE RISES ABOVE 
AMBIENT-AIR TEMPERATURE- FOR W»MG STATION 290, 
C-44> AIRPLAWE.. 
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Fig, 10 
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FIGURE 10. COMPARISON OF ANALYTICAL AND EXPERIMEMTAL. TEST 

RESULTS OP AIR- AND SKI N-TE-MPERATURE RISES' ABOVE 
AM B I ENTrAIR TEMPERATURE FOR WING STATION 360, 
C"44^ AIRPLANE. 
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Figs. 11, 13 




Figure 11. Ice acciimulation on pilot's and copilot' b wind- 
shields after 45 minutes in heavy- icing condi- 
tions with only primary heated air directed over outside 
surfaces of windshields, C-46 airplane. Photograph taken in. 
flight. 




Figure 12.- Partial ice removal from pilot's and copilof^s 
windshields with secondary heated air directed 
over the inside of the windshields without inserting double 
panels, C-46 airplane. Photograph taken in flight. 




Figure Views showing the strip of ice applied 

to station 159 of the left wing outer 
panel for the simulated icing tests ^ C-46 airplane. 
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Figxire 15.- Ice acoianulatlon on the left stabilizer 
splice and fairing of the C-46 airplane. 
Flight 60. Photograph taken after landing. 
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Figiire 16.- Ice accumulations on the right airspeed 

mast and loop antenna of the C-46 airplane. 
Flight 29. Photograph taken after landing. 




Figure 17. Ice accumulation on pilot's free air 

thermometer, C-46 airplane. Flight 29. 
Photograph taken after landing. 
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Fige. 18^ 19, 20 




Figure IS.** Ice formatlone on the Figure 30.'" Ice accumulation 
right airspeed maet on the nose* Fur- 

and loop antenna and on the left ther extension of ice rear- 
airspeed mast of the C-46 air ward had fallen off, C-46 
plane. Flight 41. Photograph airplane. Flight 50. Photo- 

taken after landing. graph taken after landing. 




Figure 19.- Ice accumulation on the left engine cowl. Exten- 
sion of ice around nacelle had fallen off, 0*46 
airplane. Flight 50. Photograph taken after landing. 
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Figure 21.- Ice accxomulat iom on the loop antenna, 0-46 

airplane. Flight 50. Photograph taken 
after landing. 




Figure 22.- Ice formation on the left-hand thermometer 

support, C-46 airplane. Flight 51. Photo 
graph taken in flight. 
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Fig. 23 
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Fig. 34 
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Fig. 35 
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Flgtire 26 Views showing exhaust -gas side of right inboard 

heat exchanger after 173 hoxirs of flight test- 
ing,, C-46 airplane. 



